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Method for Improving
Autopilot Lag Compensation
in Intercept Guidance

Thomas R. Blackburn*
Hughes Missile Systems Company,
Tucson, Arizona 85734-1337

Introduction

ROPORTIONAL guidance continues to be an important con-

cept for intercept guidance. Practical, energy-efficient engage-
ment transient properties are an important attribute. In its simplest
form it is expressed as

a. = AV.é ¢y

where a. is commanded lateral acceleration, A the guidance gain, V,
the closing velocity, and ¢ the inertial line-of-sight rate of the target
with respect to the interceptor. Problems can arise in the intercept
end game when autopilot lag becomes significant. This shortcoming
was ameliorated with the intercept guidance quadratic optimal solu-
tion that represented the autopilot as a first-order lag.! Performance
losses can still be exhibited when the autopilot is not well repre-
sented by a first-order lag. The development here presents an inter-
cept guidance closed-form solution that mimics the energy-efficient
command transient properties of idealized proportional guidance
but accommodates linear autopilot models of arbitrary complexity.

Development
The proportional guidance law can also be expressed in the form?
ac= (/)M )

where M is the zero-effort miss and ¢, is time to intercept. This miss
consists of

M = pr — pu 3)

where pr is the target predicted lateral position at the estimated
intercept time (#,). Here py is the vehicle response to its present
state, commonly referred to as the zero-effort response. Acceleration
profiles for proportional guidance assume the form?

a.(t) = a (0)(1 —t/t,)* 7% 0<r1=<i “)
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Let f (¢) represent the interceptor position impulse response to com-
manded acceleration. The particular solution to the command his-
tory response must equal the predicted miss to make intercept. This
requirement is expressed by the convolution integral

g
/ a(ty — ) f(t)dr =M (5)
0
Substituting Eq. (4) into Eq. (5) and rearranging,
M
a.(0) = ——fr—— (6)

JErr-2f () de

The variable a.(0), (a.) is available on each computing cycle (time
Zero) to set to satisfy this equation. Integration by parts in Eq. (6)
yields

a, = M/F; A=2 )
oM A=3 8)
ac = —; =
t,F —E
B2M
a. £ A=4 ©

T 2D -24,E+2F

where
Iz
F& f fdr 10)
0
Iy
Eé/ F(z)dr an
0
Ig
D2 / E(r)dt (12)
0
Equations (7-9) can be consolidated into
$iM
a.= (13)

{a=2[a =)D -, E]+ 4 77F)

fora i of 2,3, or 4.
Define
At 2 s (14a)
W, )= a
Poe-2[e-3)D - g 2E] + 4 72F)

A=2,3,4 (14b)
Then, substitution into Eq. (13) yields
a. =\ /)M (15)

and A* can be used interchangeably with A in Eq. (1) or Eq. (2).
Expression (14) is the central contribution of this Engineering Note.
It will be referred to as profiled guidance in the following discussion.

Bryson® has shown that, assuming a vehicle model has no com-
mand-response lag, proportional guidance with a gain of three is
optimal. The profiled solution assuming a A of 3 is therefore of the
most interest and is developed further.

Example 1
The profiled solution will now be applied to the system with the
first-order-lag autopilot defined by the Laplace form

1
f&) = A+ TS (16)

and compared with the optimal! solution.
The impulse response of this system is

fOy=Te T4t —-T an
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Integrating Eq. (17) yields
F(t) = —T% "7 4 (t*/2) = Tt + T* (18)
A second integration of Eq. (17) yields
E@) =TT +@/6) -T2+ T ~T> (19
Substituting Eqgs. (18) and (19) into Eq. (14) yields

* J— r3
ey S B ey ey s s @0

where
r&t,/T @1

For comparison, the optimal gain' has the solution

- 2 2 1 1
)\=(€r+r-—-1)/<%€_Zr+;evr—§+1—7-zﬁ) 22)

The zero-effort response is given by
pM:p+tgv+(e*'+r—1)T2a 23)

where p, v, and a are vehicle present position, velocity, and ac-
celeration. Figure 1 shows the command profiles for the profiled
and optimal schemes. Notice that the Optimal guidance provides a
commanded-acceleration profile slightly different from that of pro-
portional guidance with a navigation constant (1) of 3, as defined by
Eq. (4), but the profiled guidance matches it exactly. Figure 2 shows
the gain histories of the two schemes. The profiled gain is slightly
lower than the optimal.

Example 2
The setup and transients were repeated with the second-order
autopilot model expressed in Laplace form:

0)2

f) = s2(s2 4+ 2¢ ws + w?)

(24)

The impulse-response equation is

F@® =tQa/w®) + (e /B) sin(Bt + 2¢) 25)
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Fig. 1 First-order command response profiles.
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Fig.2 First-order gain history comparison.
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where

I (26)
BEwir—1 @7
v 2 tan ! 1/c2 -1 28)

With two time integrations, one obtains

1 . [ 1
F(t,) = o sin(3y) — 2;5z§ + 5:;

—aty

% sin(Bt, + 3¢) 29)
and

Lo a5 1k
E@,) = ﬁ_a) Slﬂ(3¢)tg - Etg + g

—aty

. I
+ Fa)—z sin(Bt, +4yr) — w sin(4yr) (30)
Substituting Egs. (29) and (30) into Egs. (14) yields

.3 o 5, 1, [
A -—lg/{'a?l‘g - glg — ED‘ESIH(“»I[I)

e .
-+ ——[sin(Bt, +4Y¥) + wt, sin(Bt,3vy)] 3By
Bow?
The zero-effort response is
Py =D+ v+ dra+ dsa 32)
where
2ow’t, + B2 —3a® e ¥ sin(Bt, + 3
A b + il ZEE)
10} Bw
@’t, — 20 e sin(Bt, + 2¢)
o= —— & £ (34)
19 Bw
The first- and second-order autopilot models are matched with
w=2/T (35)

Figure 2 shows the profile-gain histories from the systems with
the matched first- and second-order autopilots for comparison. The
second-order gain history begins its sharp increase substantially
before that for the first-order system, evidence that an adjusted gain
history is appropriate for higher order autopilots. Notice that all of
the gains of Figs. 2 and 3 converge to the proportional guidance gain
of three with increasing time to go. Also important is the extra term
in the zero-effort miss of Eq. (32) that includes the effect of vehicle
acceleration (or rotation) rate in predicting miss.

The closed-form solutions obtained are limited to whole inte-
gers of the proportional guidance gain A. Linear interpolation be-
tween the whole-integer solutions, however, has proven practical.
We achieved the best simulated miss distance standard deviations
at an interpolated gain of about 3.2. At this gain the simulated miss
distance standard deviation was 14% smaller than that achieved with
the referenced optimal guidance for our particular interceptor.
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Fig.3 Gain history comparison.
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Passivity Motivated Controller
Design for Flexible Structures

Declan Hughes* and John T. Wen'
Rensselaer Polytechnic Institute, Troy, New York 12180

I. Introduction

NHERENT passivity in fully actuated mechanical systems has

long been recognized and exploited for their stabilization.! Even
for underactuated systems, such as flexible robots, passivity remains
a useful property. It has been shown that under an observability
condition? strictly passive feedback between these passive pairs can
render the closed-loop system asymptotically stable, even for an
open-loop undamped system. When the input/output relationship is
not passive, e.g., in the case of noncollocated actuator and sensor
pairs, strictly passive feedback no longer guarantees stability. The
purpose of this Note is to present some extension of the passivity
approach to nonpassive input/output pairs through suitable incorpo-
ration of a nominal dynamical model of the system.

II. Nonpassive Input/Output Pairs

Controlled structures usually contain more sensors than actua-
tors because of the weight and cost factors. As a result, the standard
collocated feedback control can only utilize a subset of the sensors.
Furthermore, some internal subspace may not be strongly observable
from just sensors that are collocated with the actuators. It is possible
to apply loop transformations to convert the nonpositive-real transfer
functions (from inputs to the noncollocated outputs) by adding fic-
titious feedforwards and compensating for their effects with a feed-
back loop around the controller. The net result is a relatively small
feedback gain and reduced gain and phase margins. For our physical
experiment, in addition to the hub potentiometer, we have four strain
gauges mounted on the beam (including one at the beam root next to
the hub). The hub angle proportional-derivative (PD) feedback loop
provides good rigid body mode response with little or no overshoot,
approximately critically damps the first flexible mode, and offers
good gain and phase margins. The higher order closed-loop flexible
modes, however, remain relatively poorly damped. To provide addi-
tional damping to these flexible modes, we modify the PD feedback
gains by closing a second feedback loop around the strain gauges. A
direct PD feedback from the strain gauges requires small gains (the
third and fourth strain gauges are nonminimum phase with respect to
the torque input) and produces little improvement, or even degrada-
tion, in terms of closed-loop damping over the collocated (hub angle)
loop. In this section, we shall present an alternative approach that is
based on the observation that there is always some nominal model
of the system via either analytic modeling or experimental identifi-
cation, and it is possible to use this information to synthesize an ap-
proximately passive output. This approach consists of the following
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steps: Close all naturally passive loops using the procedure described
in the preceding section; by using all of the outputs in an observer,
estimate the full state of a reduced-order plant with the naturally
passive loops closed; and synthesize an approximate passive output
by passing the estimated full state through an output map D.

The preceding approach is a direct generalization of the naturally
passive case, the only difference being that the passive output here
is synthesized using an observer vs a physically available measure-
ment in the previous case. It should be expected that the amount of
performance improvement that can be provided by the outer loop
depends on the modeling accuracy of the plant. Large modeling
error would lead to reduced gain and bandwidth of the feedback
controller.

There are two parameters that need to be selected in this design:
1) passive output map D that operates on the reconstructed full state
and 2) observer feedback gain L. We have adopted a procedure to
sequentially select these two parameters. The passive output map D
is chosen based on the desired modal damping. After D is selected,
the observer gain L is chosen based on the consideration of closed-
loop transient response, actuator and sensor noises, and unmodeled
dynamics.

Passive Output Map

The naturally passive loop can usually provide adequate damping
for a number of modes. The nonpassive loop should be designed to
add damping to other weakly damped modes. To selectively add
damping into specified modes, we choose D based on the Lur’e
equations, the solvability of which is a sufficient condition for strict
positive realness®: :

D=RBTP 1
ATP+PA.=-Q )

The weighting matrix @ can be selected to be diagonal with
entries corresponding to the desired modes emphasized. If the in-
tercoupling between plant modes due to naturally passive output
feedback is small (as is the case for poorly damped flexible modes)
then a strong correlation is found between the magnitude of the di-
agonal elements of @ and the damping ratios of associated flexible
modes when this negative feedback loop is added. This experience
is justified in the ideal case (i.e., perfect model, noise free). Con-
sider the quadratic Lyapunov function candidate V(x) = %xT Px.
The closed-loop system is governed by [with uncontrollable stable
observable dynamics D(s — A + LC)~! omitted for simplicity of
presentation]

x=Ax+ Bu y = Dx u=-—Ky 3
where K, for simplicity, is chosen as a positive definite matrix (X is
a positive real filter in general). The time evolution of V along the
solution is then given by V(x) = —x" Qx — yT Ky < —xT Qx. In-
tuitively, if Q is diagonal, then increasing the entries corresponding
to certain mode will increase its influence on the rate of decay of
V (x). More specifically, the exponential decay rate of x is governed
by the Q P~L. If P is approximately diagonal (as is the case for our
experiment), then the entries of Q will have a direct influence on
the damping of the corresponding modes.

Observer Feedback Gain
In the ideal case that the plant is exact and the noise can be
neglected, the synthesized output y,, is related to u by

Yo (s) = D(sI — A) 'BU(s)

where A, is the nominal system matrix with the naturally passive
loop closed, A, £ A, — LC, and £ is the state estimate. Therefore,
the first rule is: choose L so that the transient effect of D(sf — A.) ™
is small (i.e., place the poles of A, beyond the desired closed-loop
bandwidth).

In a real system, some unmodeled dynamics of the system
with collocated loop closed are always present. We consider the



